generally accepted that the mechanism of the formation of this fluid has-no determining influence on the pressure variations of the eye. However that may be, I would strongly subscribe to the opinion that the intra-ocular fluids are not a secretion, but a dialysate of the capillary blood. A dialysate is formed whenever we have two fluids, one with large-sized colloidal molecules, the other without, separated by a semi-permeable membrane impermeable to colloids; the blood forms such a colloid-rich fluid, the aqueous a colloid-free fluid, and the capillary walls a semipermeable membrane. I take it that the aqueous is formed from the blood by a simple mechanical process of dialysation through the capillary walls, just as are the tissue-fluids in the other parts of the body, the only difference between them being that in the eye the fluid is practically colloid-free, while in most other parts of the body it contains a substantial and varying proportion of protein molecules. Tbis, of course, depends on the degree of permeability of the capillary walls, a factor which varies in all the organs of the body and from time to time in each; and the biological reason for their extreme impermeability in normal circumstances in the eye seems to be that the fluids there may be kept free from large-sized particles so that they form an optically homogeneous medium. But in abnormal circumstances when the capillaries are dilated from any cause and thus rendered more permeable, as by paracentesis or by exciting any vaso-dilatory reflex, the proteins get through and the aqueous--the plasmoid aqueous, as I have termed it-now becomes identical with the tissue-fluids elsewhere.
The argument which has led me to adopt this view would take too long to give in detail. In essence it is as follows: A dialysate in equilibrium with its parent fluid must have a definite chemical composition, owing to the thermodynamical stresses set up by the unequal distribution of the constituents: thus the proteins which are retained in the blood are negatively charged ions, and their excess here necessitates a peculiar distribution of the ions in the aqueous, where, in order to compensate, tbere must be an excess of diffusible negative ions. Thus while a substance like sugar, which is not ionized, is found in equal concentrations in the aqueous and the blood, in the case of salt, which is ionized into sodium and chlorine ions, we find less sodium and more chlorine in the aqueous, and that by the very definite and precise amount required by a dialysate. And so on with all the constituents; we analysed the aqueous and the blood concurrently, in some cases both the arterial and venous blood, taking elaborate precautions against sources of error, and we found that all the constituents of the -latter were found in the former just in those proportions which we would expect if the intra-ocular fluids were formed by dialysation. And moreover, by inducing the formation of an abnormal aqueous, both by altering the permeability of the capillary walls and by altering the composition of the blood, we found that the same complex and definite relationship held good. Again, the peculiar distribution of ions necessitates a certain difference in osmotic pressure between the aqueous and the blood; we measured the two directly, and we found that this relationship held good also. Further, to equilibrate this osmotic pressure, it is necessary that the hydrostatic pressure in the capillaries should be from 25 to 30 mm. Hg above that in the chambers of the eye. It seems impossible to measure the capillary pressure in the eye, since any intra-ocular manipulation at once alters it profoundly, but we succeeded in measuring directly the pressure inside the entering arteries, and we found it to be of such an order as to leave ample scope for the required pressure in the capillaries. Again, the unequal distribution of charged ions necessitates a certain difference in electrical potential between the aqueous and the blood; and by inserting electrodes in each of these and connecting them with a galvanometer, the expected deflection has been found. Lastly, the hydrogen-ion concentration in the blood should be greater than that in the aqueous, and measurements, both electrolytic and colorimetric, show that this is the case.
The aqueous thus appears to be in complete equilibrium-chemical, osmotic, hydrostatic and electrostatic-with the capillary blood; and if it shows all the very complex properties of a dialysate, it seems illogical to deny that it is so, in the absence of very definite reasons to the contrary. A secretion is the elaboration of a substance by specialized secretory cells, in such a way that in its formation, work of some sort or other is done by these cells. The work may be chemical, as in the formation of new substances; it may be hydrostatic, as occurs when the salivary gland secretes against a pressure in the duct higher than that in the carotid; it may be osmotic, as occurs in the kidney; or it may be electrical, as is seen in the case of electric fishes. There is no evidence of any work of any sort being done in the eye, and no adequate evidence of secretory activity.
It must be remembered that although I am speaking of an equilibrium, I mean a dynamic, not a static equilibrium. All vital equilibria are of this nature. In the first place there is a continuous metabolic interchange through the capillary walls, on either side of which the balancing hydrostatic and osmotic pressures are continually fluctuating, conditioning a flow of fluid now in one direction, now in another. Secondly, there is a thermal circulation. By measuring the temperature of the cornea and the iris by thermopile needles, we found a difference of temperature of 30 to 50 C. between them, which induced a continuous flow of convection currents in the anterior chamber. More important, there is a through-and-through pressure circulation. We measured the pressure in the intra-scleral veins in the dog by inserting into them a capillary pipette, and we found that, while in normal circumstances the venous pressure was higher than the intra-ocular, when the intra-ocular pressure was raised, it rose more rapidly than the venous pressure and readily exceeded it. The canal of Schlemm is in direct continuity with these venous exits, and it seems to follow that when the chamber pressure rises suddenly, it exceeds the pressure here, and this excess will condition an outflow of aqueous.
Such rises of pressure will be continually provided by the movements of the ocular muscles, for these have a larger effect than may be imagined. By stimulating the orbicularis to contract, it has been found with a manometer inserted into the eye that pressures of the order of 40 to 60 mm. Hg are easily attained. This action is doubtless assisted by the suction of the scleral spur described by Professor Thomson, and the result will be an almost continuous, although very minute, circulation of fluid. This appears to act as a safety-valve mechanism to maintain the intra-ocular pressure at its normal level, for in an elastic sphere like the eye, the expulsion of one drop of fluid entails a large fall of internal pressure.
If this is the case, the intra-ocular pressure is maintained normally at the equilibrium level between the pressure in the capillaries on the one hand and the difference between the osmotic pressure of the capillary plasma and the aqueous humour on the other. The enucleated eye has a tension of about 10 mm. Hg, which it retains for some time, and only loses gradually, in about forty-eight hours after the post-mortem disintegration of the tissues. Similarly, when the bloodpressure falls, or on exsanguination or death, the intra-ocular pressure falls to the same level and remains there. Since this residual tension remains after exsanguination it cannot be due to the blood-pressure, and since it remains in the excised eye it cannot be due to any secretory activity; it seems to be due to the retention of fluid by the lining cells of the eye. If the integrity of these cells is interfered with, either functionally, as in debilitated states, or anatomically, as in trauma, or by operation, then hypotony results; if their relative impermeability is increased, a factor which applies especially to the region of the angle of the anterior chamber, from which drainage preferentially takes place, then hypertension will tend to result. In the normal course of events when the blood-pressure falls, the intra-ocular pressure is maintained at this level; when the flow of blood is resumed in the exsanguinated eye, as, for example, by ligating and freeing the carotid, the vascular channels are opened out, the feeding arteries pile up pressure, and the intra-ocular pressure rises until a point is reached when an adequate circulation is maintained. At this point equilibrium is established, its height being determined by the hydrostatic pressure in the capillaries, less the difference in osmotic pressure between the aqueous humour and the capillary plasma. The normal level is presumably that determined by a process of adaptive evolution at which the eye is rendered sufficiently rigid to act as an efficient optical instrument, and is able at the same time to maintain the metabolism of its tissues without interference.
Being maintained at this level the intra-ocular pressure may be varied (1) by altering the equilibrium level; (2) by varying the volume pressure, which variation is rendered effective by the small degree of distension of which the sclerotic is capable.
The equilibrium level may be varied by altering either of the two 4actors whose interaction determines its height: the blood-pressure in the capillaries and the difference between the osmotic pressure of the capillary plasma and the aqueous. As regards the blood-pressure in the capillaries, it is varied by the general arterial pressure, by the venous pressure, and by the local state of the capillary circulation. The effects of the first two of these are already well known. The effects of the venous pressure are usually more intimately felt than those of the arterial, and both, of course, are only effective so far as their action is communicated to the capillaries. It is ultimately the pressure here which determines the level of the pressure in the eye. Recent work has shown that the capillary pressure is largely an independent property, controlled in part by a special capillariomotor nervous mechanism, and in part by complex physico-chemical influences, some of them locally determined, some of them hormonal and psychical. When the capillary pressure dissociates itself from the general blood-pressure, the intra-ocular pressure follows the variations in the former in preference to the latter, a relationship which may be seen clinically in the low intra-ocular pressure which frequently accompanies the low capillary pressure in many cases of hyperpiesia, or experimentally in the rise of intra-ocular pressure which occurs after the exhibition of amyl nitrite, when the capillaries are dilated and the general blood-pressure falls.
The difference between the osmotic pressure of the aqueous and the capillary l)lasma is determined by the difference in their colloid content. Since the capillary walls are freely permeable to crystalloids, these rapidly distribute themselves in equivalent proportions on either side, but lasting changes will follow if the relative proportions of colloids are altered. If an animal be partly exsanguinated and the blood volume is made good by an equivalent quantity of a physiological mixture of colloid and crystalloid so that the osmotic conditions remain unaltered, the intraocular pressure is seen to follow the variations in the blood-pressure. But if the blood volume is made up by the addition of a saturated colloid solution, the difference between the osmotic pressure of the plasma and the aqueous is increased, and the intra-ocular pressure falls. Conversely, if the blood volume is made up by a saline solution, the colloid concentration is diminished and the intra-ocular pressure rises. Since the protein content of the blood, however, is not readily susceptible to clinical variation, it is an increase of the protein content of the aqueous which is the most interesting variant in this category. If the normal aqueous be replaced, under constant pressure conditions, by a colloid-rich fluid, the intra-ocular pressure shows a steady and gradual rise. An albuminous aqueous can thus be associated with the rise of tension which frequently accompanies inflammatory states and intra-ocular heemorrhages. This influence in thus raising the equilibrium level by increasing the colloid content of the aqueous is probably enhanced by the difficulty which the colloid-laden fluid will experience in finding an exit in any attempt to establish a pressure circulation.
Since the external coat of the eye has very little extensibility, alterations of the volume of any of its contents will have a profound effect upon the pressure. These variable contents may be taken as the blood, the aqueous. the vitreous and lens.
A dilatation of the capillaries brings about a large rise of pressure, and their contraction a corresponding fall; but these changes are associated with and governed by the same agencies which are concerned in the changes which we have dealt with as occurring in the blood-pressure.
A change in the quantity of the aqueous humour has the same effect. This is most easily seen in the lowering of tension which occurs after the expression of some fluid after the application of an external force or of massage to the eye. It is also seen after the injection of anisotonic solutions into the blood-stream, in which case the eye shares in the general osmotic hydramia or depletion which the injection induces over the whole body. When isotonic solutions are injected into the blood-stream, the osmotic conditions are not upset, and the intra-ocular pressure merely follows the blood-pressure. When, however, hypertonic solutions are injected, fluid is drawn from all the tissues, including the eye, in the attempt to -dilute the blood and keep its osmotic balance constant, and consequently the intra-ocular pressure, after a preliminary variation with the blood-pressure, falls. Conversely, on the injection of hypotonic solutions, the whole body, including the eye, becomes waterlogged, and the intra-ocular pressure rises; all these changes, of course, are independent of the blood-pressure. When doing these experiments we found that the length of time over which these changes lasted pointed to the probability that these comparatively simple effects were complicated by more complex physico-chemical changes in the vitreous-a question with which we will deal shortly. It is almost certain that the soft eye in diabetic coma is associated with such a state of hypertonicity;
whether the opposite effect of hypotonicity has any bearing on the atiology of some cases of glaucoma is more doubtful, but it is significant that those investigators who have examined the point have found that the blood of glaucomatous patients is usually deficient in salts, and is slightly hypotonic.
The changes wvhich occur in the volume of the vitreous are probably more important, and they are more interesting. These changes depend largely upon changes in the turbidity pressure by which a colloid system responds to alterations in the concentration of the hydrogen ions and salts bathing it. A study of the variations in the vitreous shows that its iso-electric point is at pH 4 -4; at this point ionization, conductivity, osmotic pressure, and turgidity are at a minimum. In the normal state, when the vitreous is at pH 765 to 7 7, it is in a state of partial turgidity, and any variation from this point, whether to or away from the iso-electric point, will necessarily entail volumetric changes in it. The whole appearance of a glaucomatous eye suggests very strongly that these changes may bear a determining influence in many cases of this disease. As the matter is almost entirely unelucidated, its investigation becomes a very important problem, and it is the problem with which we are at present engaged. The investigation is a difficult one and a long one; but we hope some time in the future to be in a position to speak more authoritatively of it.
Since the researches of Priestley Smith, an increase in size of the lens has always been associated with pathological increases of intra-ocular tension; this is undoubtedly the case, but it is also to be remembered that its colloid system is subject to the same physico-chemical laws as the vitreous, and that it is similarly susceptible to turgescent cbanges. It is probable that these also may exert a considerable influence under clinical conditions.
We have seen that in the normal state these changes in the volume pressure are to a large extent compensated by the expulsion of some of the aqueous through what we bave called the safety-valve mechanism of the canal of Schlemm, the lens and vitreous partially filling up the anterior chamber. The aqueous thus acts, within limits, as an elastic cushion, tending to maintain the intra-ocular pressure at its normal level. If, however, the swelling is great, the anterior chamber may be abolished, in which case an acute rise of tension will ensue; and again, if the exit channels are rendered inefficient so that they cannot deal with an increased, or even with a normal, pressure circulation, whether it be by the formation of synechiae, or by sclerosis, or by any other means, a rise in pressure will be evident at a much earlier stage. Not only will aqueous be pushed out under these conditions, but the uveal blood-channels will be compressed as well, in which case the feeding arteries will pile up pressure to maintain the circulation at a higher level, until eventually their limit of effective pressure may be reached and finally overcome; in the first case the tension will be permanently raised, in the second the eye will be strangulated.
It will thus be seen that there are many more factors influencing the variations of the intra-ocular pressure than was indicated in the classical view of the physiologists that it was governed by the blood-pressure alone. This view certainly was inadequate to account for a large proportion of the phenomena familiar to the clinician. A broader and more comprehensive survey of the matter, however, would lead one to hope that in the future it will be possible to account for the majority or all of these changes both in health and disease in an intelligible manner based on experimental findings.
Discussion.-Sir JOHN PARSONS said that it was a matter of satisfaction that the work which he and some others had done in the days of darkness had not been shattered by this research of Mr. Duke-Elder, and that the mechanical interpretation at which he (the speaker) and his co-workers had arrived found a certain amount of support in this later work, which he (Sir John) regarded as an advance due to the progress in biochemistry since Professor Starling, Henderson and he (Sir John) worked on the subject. The speaker would go so far as to say that Mr. Duke-Elder's work was an advance which redounded to the honour of British ophthalmDology. Since Starling, Henderson and he (Sir John) worked on the subject there had been much discussion in Graefe's Archives, having very little foundation, which had so far led nowhere. The present research, however, threw a new light on the subject.
The future of investigation into eye conditions was bound up with biochemistry. It had not only been proved by these experiments of Mr. Duke-Elder, it had been proved by the striking biochemical work which Miss Dorothy Adams had recently done on the lens.
Mr. E. TREACHER COLLINS said he had always been taught that there was a circulation of fluid in the interior of the eye, and he found it difficult to regard the fluid as stationary fluid, or even as in a state of equilibrium. And though Mr. Duke-Elder's theory of dialysis was very fascinating, and was founded on a wealth of experiments, he would like to ask the author about a few points in connexion with the theory now advanced. One of these was that there was a difference in the permeability of the capillaries in the eye as compared with that of the capillaries in other parts of the body. That seemed to him (the speaker) to be somewhat of an assumption. It was a necessary assumption, from Mr. Duke-Elder's point of view, to show that the protein content in the aqueous humour was different from the protein content of the tissue fluids of other parts of the body, but there was nothing in the anatomical appearance of the capillaries in the eye as compared with that of the capillaries in other parts of the body which would lead one to believe that there was any difference in the permeability of fluid through their walls. In 1918 the speaker showed to the Ophthalmological Society some rabbits' eyes, on which a few simple experiments had been performed. The rabbit's anterior chamber was tapped and the aqueous evacuated; then the anterior chamber was allowed to reform, and an hour afterwards the animal was killed and the eye was removed and hardened in Zenker's solution. Unlike a normal eye this had a coagulum of a granular character, filling the anterior chamber; and also some coagulum about the anterior part of the ciliary body. But there was no continuity between the coagulum about the ciliary processes and the coagulum filling the anterior chamber. Then he had some rabbits' eyes in which the sclerotic was trephined, and the tension lowered by letting fluid out of the vitreous chamber. These eyes were excised an hour later, and he found in them also a coagulum filling the anterior chamber, and that there was a coagulum about the posterior part of the ciliary body extending into the vitreous and also a coagulum in the supra-choroidal spaces. When he examined the ciliary body microscopically in both sets of eyes he found that the epithelium lining the ciliary processes was raised up in the form of blisters, and these blisters contained granular coagulum. He inferred that the coagulum in the anterior chamber was a transudation from the blood-vessels of the iris, due to the lowered intra-ocular pressure, and that there occurred also some transudation from the ciliary blood-vessels, but that it had encountered an impediment in passing through the ciliary epithelium, and in consequence raised it up in the form of blisters. He suggested to Mr. Duke-Elder that in all probability the interchange or dialysis which went on in the fluids of the eye was chiefly an interchange between the blood-vessels of the ciliary body and the aqueous humour. If that was so, the interchange which took place was not only dependent on the permeability of the walls of the capillaries, but also on the permeability of the cells which lined the ciliary body. He thought Mr. Duke-Elder would agree it was unlikely that fluid would pass through two layers of epithelial cells without some change taking place in such fluid, an alteration which might consist of some selection of constituents and be of the nature of a secretion.
He would like to know how Mr. Duke-Elder regarded the cerebro-spinal fluid, as there was a great similarity between cerebro-spinal fluid and aqueous fluid in the eye. Did Mr. Duke-Elder think the cerebro-spinal fluid was in a state of equilibrium with the blood ? Or did he agree with the physiologists who said that the cerebro-spinal fluid was a secretion from the cells covering the choroidal plexuses? One argument in favour of its being a secretion was, that when an animal had been treated with arsenic and there was much arsenic in the blood, no arsenic was found in the cerebro-spinpl fluid, i.e., it was arrested by the cells covering the choroidal plexuses. Mr. Humphrey Neame had read a paper before the Ophthalmological Society describing experiments on animals' eyes. The animals had arsenic administered to them, and then the aqueous huimor was tested to see if it contained arsenic, but no arsenic was present in the normiial aqueous ; but if the anterior chamber was tapped, arsenic was found in the freshly-formed albuminous transudation. Arsenic was a crystalline substance, and it should pass through by a process of dialysis, but it was proved to have been arrested by the ciliary epithelium.
Another point concerning which he would like Mr. Duke-Elder's explanation was how lens matter, when it was liberated in the anterior chamber, escaped from the eye. If a lens was needled, the aqueous dissolved the lens matter, and the aqueous was then loaded with protein. If the intra-ocular blood-vessels were very impermeable to proteins, how did this protein in the aqueous get away from the eye'?
A further side of the question requiring consideration was the anatomical. Some might say it was not fair to draw conclusions from anatomical conditions, but he did not think they should ignore the anatomical facts. The anatomy of the ciliary body was very suggestive of a secreting structure; an intimate plexus of blood-vessels, with epithelial cells outside them.
And in the human eye he had shown that there were tubular offsets from that outer layer of epithelium, which had much the appearance of glands. There was also to be considered the comparative anatomy of the parts. In eels and the lowest fishes, there was no ciliary body at all; they had very little aqueous, and scarcely any anterior chamber, but had blood-vessels in the hyaloid membrane of the vitreous. In Teleostean fishes there was a small ciliary body, a deeper anterior chamber, and they had blood-vessels coming through the choroidal fissure, projecting as little nodules from the choroidal gland into the vitreous. In birds, which had the largest anterior chamber and the most active intra-ocular metabolism, there were large and complicated ciliary processes, and there was the vascular pecten. In reptiles, one found the falciform process and a small ciliary body. With regard to the central nervous system and the cerebro-spinal fluid, he was not able to speak of that with any authority, and he was not prepared to say how far it was legitimate to coinpare the cerebro-spinal fluid with the aqueous humor.
Concerning the disappearance of lens proteins after discission, this disappearance was largely connected with the action of enzymes. After needling the lens, the aqueous contained a high proportion of the pro'ducts of protein hydrolysis, such as tryosin and other amino-acids. The lens proteins, which were foreign bodies in the eye, were thus hydrolysed into diffusible products, which escaped by dialysation from the eye.
With regard to the anatomical considerations, in the ciliary body there were a large numliber of blood-vessels, but they could as well be there for the purpose of dialysation as for purposes of secretion. Mr. Collins himself said that some animals had no ciliary body, but all had some aqueous; where did it come from? Mr. Collins said also that many animals had compensating vascular structures. He (Mr. Duke-Elder) did not think that these had a complex epithelium surrounding them to which could be ascribed a secretory function; presumably, aqueous was dialysed from these, just as fromii the ciliary body in the human eye.
Mr. Harrison Butler had spoken of experimilents conducted on the Continent, in which the aqueous which was formed after paracentesis was found to contain no protein. He (the speaker) knew of those experiments, and he regarded the results as unreliable; one common cause of error was the method of estinmation by a technique not susceptible of sufficiently accurate differentiation, for example, the refractometer.
The statement that the total blood in the human eye was only three or four drops in amount was, he agreed, absurd.
In answer to Mr. Mayou, he considered that the fluid in the ciliary body contained practically no albumin. The fluid dialysed from the blood-vessels into the tissues of the eye, it dialysed through the cells of the tissues of the eye, and through the ciliary epithelium. Dialysis through the ciliary epithelium would, of course, necessarily alter the fluid to some extent, but there was no evidence of it doing so to an essential extent.
The fact that Mr. Collins found a coagulum under the ciliary epithelium showed that when the capillaries were dilated experimentally, owing to their increased pernleability, a greater quantity of protein passed through their walls into the tissues of the eye behind the ciliary epithelium, as well as into the chanmbers of the eye. After paracentesis, when the intra-ocular pressure fell to the atmospheric level, dialysis automaticallY becamno transudation. [Mr. COLLINS: My point was that the ciliary epithelium played a part iii preventing permeability.] He (MIr. Duke-Elder), while admitting that it must necessarily have some influence, did not think that it played an essential part, because in the normal eye the aqueous did not contain protein, nor was there any evident, behind the ciliary epithelium. In the pathological eye there was protein both in the aqueous and behind the ciliary epithelium; the latter did not seem to make much difference. Surprise had been expressed that the: tissue fluids of the eye should contain a small proportion of proteins, apparently from the imnpression that this substance was necessary for the nourishment of the tissues of the eye. It was to be remembered, however, that cells were not nourished directly from proteins. These could not enter the cell in any case, and had to be broken up into diffusible products (amino-acids, etc.). These were ultimately responsible for the protein nourishment of tissues throughout the body, and there was as great a quantity of themll in the eye-fluids as there was elsewhere.
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